Recents works deal with the optical transmission on arrays of subwavelength holes in a metallic layer deposited on a dielectric substrate. Making the system as realistic as possible, we perform simulations to enlighten the experimental data. This paper proposes an investigation of the optical properties related to the transmission of such devices. Numerical simulations give theoretical results in good agreement with experiment and we observe that the transmission and reflection behaviour correspond to Fano's profile correlated with resonant response of the eigen modes coupled with nonhomogeneous diffraction orders. We thus conclude that the transmission properties observed could conceivably be explained as resulting from resonant Wood's anomalies.
Recents works deal with the optical transmission on arrays of subwavelength holes in a metallic layer deposited on a dielectric substrate. Making the system as realistic as possible, we perform simulations to enlighten the experimental data. This paper proposes an investigation of the optical properties related to the transmission of such devices. Numerical simulations give theoretical results in good agreement with experiment and we observe that the transmission and reflection behaviour correspond to Fano's profile correlated with resonant response of the eigen modes coupled with nonhomogeneous diffraction orders. We thus conclude that the transmission properties observed could conceivably be explained as resulting from resonant Wood's anomalies.
I. INTRODUCTION
Recent papers deal with optical experiments and simulations with various metallic gratings constituted of a thin metallic layer deposited on a dielectric substrate [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Such materials are typically one-or two-dimensional photonic crystals with a finite spatial extension in the direction perpendicular to the plane where the permittivity is periodic.
One-dimensional gratings have been widelely studied in particular on account of interesting effects knows as Wood's anomalies [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . As shown by A. Hessel and A.A. Oliner [19] this effect take two distinct forms. One occurs in diffraction gratings at Rayleigh's wavelengths if a diffracted order becomes tangent to the plane of the grating. The diffracted beam intensity increases just before the diffracted order vanishes. The other is related to a resonance effect [19] . Such resonances come from coupling between the non-homogeneous diffraction orders and the eigenmodes of the grating. Both types of anomalies may occur separately and independently, or appear together. M. Nevière and D. Maystre [20, 21] presented a wide study of the causes of Wood's anomalies. In addition to the Rayleigh's wavelengths they discovered two another possible origins of such anomalies. One, called "plasmons anomalies", occurs when the surface plasmons of a metallic grating are excited. The other appears when a dielectric coating is deposited on a metallic grating and corresponds to guided modes resonances in the dielectric layer. In fact, both anomalies correspond to differents cases of the resonance effect report by A. Hessel and A.A. Oliner [19] . As shown by A. Hessel and A.A. Oliner [19] , depending on the type of periodic structure the two kind of anomalies (i.e. Rayleigh's anomalies or resonant anomalies) may occur separately or are almost superimposed. At last, we note that these concepts have been first suggested by V. U Fano [22] .
In this paper we perform simulations to examine the behaviour of the optical properties of a device which consists of arrays of subwavelength cylindrical holes in a chromium layer deposited on a quartz substrate (Fig.  1) . The values of permittivity being those obtained from experiments [31] . We present the key role of Rayleigh's wavelength and eigenmodes resonances in the behaviour of the zeroth order reflexion and the transmission.
Our numerical study rests on the following method. Taking into account the periodicity of the device, the permittivity is first described by a Fourier series. Then, the electromagnetic field is described by Bloch's waves which can too be described by a Fourier series. In this context, Maxwell's equations take the form of a matricial first order differential equation along to the z axis perpendicular to the x and y axis where the permittivity is periodic [32, 33] . The heart of the method is to solve this equation. One approach deals with the propagation of the solution step by step by using the scattering matrix formalism. More explicitly, we numerically divide the grating along to the z axis into many thick layers for which we calculate the scattering matrix. The whole scattering matrix of the system is obtain by using a special combination law applied step by step to each S matrices along to the z axis. Indeed, it is well know that S matrices and their combinations are much better conditionned than transfert matrices [33] . Note that our algorithm has been compared with accuracy with others method such as FDTD or KKR [34] . In the present work the convergence is obtain from two harmonics only, i.e. for 25 vectors of the reciprocal lattice. Further more, here there is no convergence problem associated with discontinuities such that we need to use Li's method [35, 36] .
In the following, for a square grating of parameter a, note that, − → g = 2π a (i − → e x + j − → e y ), such that the couple of integers (i, j) denotes the corresponding vector of the reciprocal lattice, i.e. diffraction order.
Reflected and transmitted amplitudes are linked to the incident field by the use of the S scattering matrix which is calculated by solving Maxwell's equation using a Fourier series [32] . Let us define F scat as the scattered field, and F in as the incident field, such that
where A is a vector containing all the component A− → g . The subscipts v and d are written for "vacuum" and "dielectric substrate" respectively, and the superscripts + and − denote the positive and negative direction along the z axis for the field propagation. Then, F scat is connected to F in via the scattering matrix such as:
Then, the flux J of the Poynting vector through a unit cell area σ, for a incident homogeneous plane wave is given by:
where the electromagnetic field has been written as a Fourier series [32] . Θ(x) is the Heaviside function which gives 0 for x < 0 and +1 for x > 0. − → k // and ω are the wave vector component parallel to the surface, and the pulsation of an incident plane wave on the system, respectively. We also define
where ε u represents either the permittivity of the vacuum (ε v ), or of the dielectric substrate (ε d ). We note that if k u, g,z becomes imaginary then diffraction orders becomes non-homogeneous. The wavelength (λ = 2πc ω ) values such that k u, g,z = 0 are called Rayleigh's wavelength.
We define the zeroth order transmission and reflection as,
and
Moreover, numerical computation of the poles of S(λ) is important in order to study the eigenmodes of the structure. Let us write eq.8 as
In this way, the eingenmodes of the structure are solution of eq. 9 in the case F in (λ) = 0, i.e.
This is a typical homogeneous problem, well know in the theory of gratings [20, 21, 36, 37] . Complex wavelengths
η , for which eq.(10) has non-trivial solutions, are the poles of det(S(λ)) as we have
In this way, if we extract the singular part of S corresponding to the eigenmodes of the structure, we can write S on a analytical form as [20,21,37,38]
This is a generalized Laurent series, where R η are the residues associated which each poles λ η . S h (λ) is the holomorphic part of S which corresponds to purely nonresonant processes. Thus, assuming that f (λ) is the m th component of F scatt (λ), we have, for the expression of f (λ) in the neighboorhood of one pole λ η [20, 21, 37, 38] 
where
II. RESULTS
The calculated transmission against the wavelength of the incident wave on the surface is shown in Fig. 2 for the zeroth diffraction order, for light incidence normal to the surface and electric field polarized parallel to x axis. The diameter of holes (d = 500nm) and the thickness of the film (h = 100nm) have been chosen according to the experimental conditions [1,2]. The solid, and dashed lines represent the transmission for a square grating of parameter a = 1 and 1.2µm, respectively, whereas the dotted line corresponds to the transmission for a similar system without holes. In Fig. 2 , it is shown that the transmission increases with the wavelength, and that it is characterized by sudden changes in the transmission marked 1 to 4 on the figure. If wavelength 1,2 and 4 correspond to minima, the wavelength 3 is nevertheless not explicitely a minimum, as we will explain it later. These values are shifted toward larger wavelengths when the grating size increases, and the minima disappear when considering a system without hole. Note that these results qualitatively agree with the experimental data of Ebbesen et al. [1, 2] . Values of wavelength marked 1 to 4 are given in the first column of table 1. In the second column we give the values of the positions of maxima marked A to C on the figure.
In Fig. 3 we give the calculated reflection as a function of the wavelength of the incident wave on the surface for the zeroth diffraction order, for both gratings and for the system without holes. The reflection curves are characterized by maxima (numbered 1 to 4) which correspond to the minima calculated in the transmission curves. On the same way, the location of these maxima are shifted towards larger wavelengths when the grating size increases, and they disappear when the surface is uniform. Then, it appears that the sudden decreases in transmission is correlated to an increased reflection. Moreover, the positions of the correlated maxima and minima are calculated at wavelengths which seems to correspond to Rayleigh's wavelengths as shown in the first column of Table 2 . We have reported the positions of the maxima of transmission, marked A to C, on the Fig. 3 . We note that the maxima in transmission are not correlated with specifics values of reflection.
In Fig. 4 we give the calculated absorption against the wavelength of the incident wave on the surface, for the zeroth diffraction order. The solid line denotes the absorption for the square grating of parameter a = 1µm, the dashed line denotes the absorption for the square grating of parameter a = 1, 2µm, and the dotted line denotes the absorption of a similar system without holes. We have reported the positions of minima in Fig. 2 , numbered 1 to 4, and the positions of points A to C which denote the maxima. These peaks are found at longer wavelengths when the grating size increases, and they disappear when the surface is uniform. Thus it appears that the sudden decrease in reflectance is caused by a combination of increased reflectance and increased loss due to surface roughness.
Previous work [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] have identified the convex regions in transmittance, i.e., those regions between the local minima, as regions where plasmons exist. If this were indeed the case, then we would expect to observe local maxima in the loss of energy. However, if we compare figure 2 with figure 4, we see that the convex regions in figure 2 are not matched by increased loss in figure 4, nevertheless the maxima of absorption seems to correspond to the minima of transmission.
On the basis of these results, we investigate the role of Wood's anomalies in the physical interpretation of our simulations. In this way, we emphazise the existence of eigenmodes and their role via resonant coupling with the electromagnetic field.
First, we are stuying poles and resonances of the grating. As explained in the introduction the existence of eigenmodes is linked to the existence of poles of the scattering matrix. If we make the assumption that the role of purely non-resonant process is negligible, i.e. s(λ) ∼ 0, then eq. (13) can be approximated by the following expression [20, 21, 37, 38] in the vicinity of one pole λ
which gives a typical resonance curve where the wavelength of resonance λ r is equal to λ R η , and where the width Γ at
|F scat (λ r )| is equal to 2λ I η . Before searching for typical resonance in the behaviour of diffraction orders we check the existence of poles of the S matrix.
In the third column in Table 2 , we give the poles λ η = λ R η + iλ I η of the S matrix computed numerically. We keep only the values whose real part is close to the values (1) to (4) in Fig. 2 and Fig. 3 . This result suggests the possibility of resonant processes. In order to investigate such assumption, we have studied the behavior of the intensity of some specific diffraction orders on the vacuum/metal and substrate/metal interfaces. More precisely, we have considered the diffraction orders corresponding to the Rayleigh's wavelengths connected to the positions of the minima obtained in the transmission curves. We compare the results with the transmission and reflection curves.
In Fig. 5 , curve (a) shows the modulus of the electromagnetic field of the orders (±1, 0) at the substrate/metal interface, as a function of the wavelength. The same is true for the curve (b) but the interface is now vacuum/metal. Curve (c) shows the reflected (0, 0) order. One notices the presence of localized peaks in curves (a) and (b). Simulations allow one to check that orders (±1, 0) have only p polarization. These peaks coincide with the minima of the curve of transmission of Fig. 2 . Since these peaks correspond to orders with p polarization, they are probably resonances of the structure. To confirm this, we evaluate the poles by measuring the wavelength of resonance λ r (which is equal to λ . We obtain results given in the fourth column in Table 2 . One can easilly compare these results with those of the third column in table 2. This confirms the resonant characteristic of the diffraction orders (±1, 0) at the metal/vacuum and metal/substrate interfaces (A. Hessel and A.A. Oliner has called such diffraction orders "resonant diffraction orders" [19] ). Note that the orders (±1, 0) at the vacuum/metal interface and (±1, ±1) at the substrate/metal interface has poles with closer real part. This means that both modes are almost degenerated with the consequence that both modes effects can't be clearly distinguished particularly for the transmission. So, the wavelength (3) does not seem to provide a minimum as clearly as the wavelength (2). Fig. 6 shows the behavior of the amplitude modulus of the diffraction orders (0, ±1) for the vacuum/metal (curve (a)) and for the substrate/metal (curve (b)) interfaces, respectively, as a function of the wavelength. Curve (c) corresponds to the order (0, 0) in transmission. All these orders exist only with a polarization s. One notices that the minima of these curves are correlated with the peaks of resonances. On the other hand, we know that orders with s polarization cannot present resonances. From this point of view, the minima of the curve of transmission of the Fig. 2 are correlated with the resonances, while the behavior of the convex parts of the curves of transmission can be interpreted according to the profile of the orders of polarization p.
Let us now turn to Wood's anomalies. We consider the case where purely non-resonant process can't be totaly neglected such that we suppose s(λ) ∼ s 0 . Thus, it is easy to show that eq.(13) can be written as [19, 22] 
with
Coefficient ν shows the significance of resonant effect compared with purely non-resonant effects. λ z = λ R z + iλ I z corresponds to the zero of eq. (13) and (15) . Eq. (15) corresponds to the profiles of Fig. 7 . This last expression takes into account the interferences between resonant and purely non-resonant processes. In this way, the profiles which correspond to the eq. (14), i.e. a purely resonant process, tend to become asymmetric. As shown in Fig. 7 , dashed curve shows a typically resonant process like those described by eq. (14) . On the other hand, solid and dash-dotted curves show a typical behaviour where a minimum is followed by a maximum, and vice versa assuming the values of ν. These profiles tend to |s 0 | 2 when λ tends to ±∞. We note that these properties, which result from the interference of resonant and non-resonant processes, are similare to those described by A.A. Hessel, A. Oliner [19] and V.U. Fano [22] . For this reason the profiles like those described on Fig. 7 are often called "Fano's profiles".
In order to refine the interpretation of our results, we represent on Fig. 8 the three curves (transmission, reflection and resonant diffraction order) on a more restricted domain of wavelength in the range 1300 − 1900 nm. In this range, since Rayleigh's wavelength is associated to the resonant diffraction order (1, 0) for the metal/substrate interface, we represent the amplitude of this order only. The solid line denotes the transmission, the dashed line denotes the reflection and the dash-dotted line denotes the amplitude of the resonant diffraction order. We also indicate the position of the corresponding Rayleigh wavelength, as well as that of the maximum of resonance (vertical dotted lines). One labels (a) the maximum of the transmission, (b) the minimum of the reflection and (c) the maximum of the transmission.
One notices that the maximum of resonance does not strictly coincide with the maximum of reflection and the minimum of transmission. Also, one notices that the maximum of reflection does not coincides with the minimum of transmission. On the other hand Rayleigh's wavelength seems well to correspond with the minimum of transmission. We notice that the diffraction order is homogeneous for wavelengths lower than Rayleigh's wavelength. For this reason, the resonance peak cannot be observed for wavelengths lower than Rayleigh's wavelengths. So, if one intends to take away the position of resonance of the value of Rayleigh's wavelength, one can make it a priori only in the direction of increasing wavelengths. Should the opposite occur, the position of the resonance peak tends towards Rayleigh's value.
As in Fig. 8 , we represent on Fig. 9 the three curves (transmission, reflection and resonant diffraction order) for the same physical parameters. However, whereas in the previous case the value of the permittivity of the metal film was that of chromium [31] , we use now the value equal to −25 + i1 which does not depend of the wavelength. Such value of the permittivity does not correspond to an existing material. We just choose this permittivity value for the metal such that we select a peak of resonance farther from Rayleigh's wavelength than in the previous case. The choice of this value only comes from the research of the compromise between the position from the peak of resonance and its width so as to illustrate our matter clearly. As in Fig. 8, (a) is the maximum of the transmission, (b) the minimum of the reflection and (c) the maximum of the transmission. One names (d) the minimum of the transmission.
This time, one notices in a clear way the absence of coincidence between the peak of resonance and the minima (respectively the maxima) of reflection (respectively of transmission). Contrary to what is generally assumed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , one sees that the nonresonant Wood's anomalies connected to Rayleigh's wavelengths are not the cause of the minima of transmission. They simply correspond to a discontinuity of each of the three curves. It is particularly important to note that the profiles of the trans-mission and the reflection correspond to Fano's profiles as discussed below. One can interpret the behavior of these spectra in term of resonant Wood's anomalies in the sense described by V. U. Fano [22] and by A. Hessel and A.A. Oliner [19] .
III. DISCUSSION
In order to understand the physical mechanisms responsible for the behavior observed on Fig. 8 and Fig.  9 , we have represented in Fig. 10 the corresponding involved processes. On Fig. 10, circles A and B represent  diffracting elements (e.g. holes) . So, an incident homogeneous wave (i) diffracts in A and generates a nonhomogeneous resonant diffraction order (e) (e.g. (1, 0) ). Such order is coupled with a eigenmode which is characterized by a complex wavelength λ η . It becomes possible to excite this eigenmode which leads to a feedback reaction on the order (e). This process is related to the resonant term.
The diffraction order (e) diffracts in B and generates a contribution to the homogenous zero diffraction order (0, 0). Thus, one can ideally expect to observe a resonant profile, i.e. lorentzian like, for the homogenous zero diffraction order (0, 0) which appears in B. Nevertheless, it is necessary to account for nonresonant diffraction processes related to the holomorphic term. So, incident wave (i), here represented in B, generates a homogeneous zero order. Then, one takes into account the interference of two rates, resonant and non resonant contribution to zero order. The resulting lineshapes are typically the Fano's profiles which correspond to resonant process where one takes into account nonresonant effects. One notes that a maximum in transmission does not necessary correspond to the maximum of resonance of a diffraction order. It is exactly the process observed on Fig. 9 where the resonance is associated with the diffraction order (1, 0). So, the Fano's profiles of the reflection and the transmission, result from the superimposing of resonant and nonresonant contribution to the zero diffraction order.
If one refers to Fig. 8 , the concrete case of the chromium, the resonance is closer to Rayleigh's wavelength than in the case of the Fig. 9 . In another hand the positions of the maximum and the minimum of a Fano's profile are determined by the resonance position. More precisely, if the resonance is shifted in a given direction, the maximum and the minimum of the Fano's profile tends to be shifted in the same way. Consequently, in the present case, the maximum and the minimum of the asymmetric Fano's profile is shifted toward Rayleigh's wavelength in the same way as the resonant response. In Fig. 8 , in the case of the transmission, minimum (d) is not of the same kind of the minimum (d) in Fig. 9 . This is not a true minima of the Fano's profile. All occurs like if the minimum of the Fano's profile disappears behind the Rayleigh's wavelength towards low wavelength.
In other words, the minimum (d) in Fig. 8 comes from the cut off and the discontinuity introduce between the minimum and the maximum of the Fano's profile at the Rayleigh's wavelength. On the other hand, note that maximum (a) of the transmission and maximum (c) of the reflection just localized rests after Rayleigh's wavelength. For the reflection, minima (b) tends to be shifted towards low wavelength.
Previous works [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] have identified the convex regions in transmission, i.e., the regions between the minima, as regions where plasmons exist. The present study tends to qualify this hypothesis, since it shows that the experimental results can be described in terms of Wood's anomalies. Indeed, as shown by V.U. Fano [22] , A. Hessel and A.A. Oliner [19] , for one dimensionnal gratings, Wood's anomalies can be treated in terms of eigenmodes grating excitation. In this context, these authors demonstrated the asymmetric behavior of the intensities of the homogeneous diffraction orders according to the wavelength. One can conclude that the results of T.W. Ebbesen's experiments correspond to the observation of resonant Wood's anomalies.
Here, as we use metal in our device, it seems natural to assume that these resonances are surface plasmons resonances. Nevertheless, it is important to note that our analysis don't make any hypothesis on the origin of the eigenmodes. This involve that it could be possible to obtain transmission curves similar to those for metals, by substituted the surface plasmons by polaritons or guided modes. This work is in progress.
IV. CONCLUSION
Using a system similar to that used in recent papers [1,2], we have shown that numerical simulations give theoretical results in good qualitative agreement with experiments. Previous authors have suggested that the results are due to the presence of the metallic layer, such that the surface plasmons could give rise to transmission curves of these characteristics. We have performed simulations using the same geometry, and we have observed that the transmission and reflection behaviour correspond to Fano's profiles correlated with resonant response of the eigenmodes coupled with nonhomogeneous diffraction orders. We thus conclude that the transmission properties observed could conceivably be explained as resulting from resonant Wood's anomalies.
[ 2 Percentage transmission of the incident wave against its wavelength on the surface, for the zeroth diffraction order. The solid line denotes the transmission for the square grating of parameter a = 1µm, the dashed line denotes the transmission for the square grating of parameter a = 1.2µm, and the dotted line denotes the transmission of a similar system without holes. The points numbered 1 to 4 denote sudden changes in the transmission whereas the points A to C denote the maxima. FIG. 3 Reflection against the wavelength of the incident wave on the surface, for the zeroth diffraction order. The solid line denotes the reflection for the square grating of parameter a = 1µm, the dashed line denotes the reflection for the square grating of parameter a = 1, 2µm, and the dotted line denotes the reflection of a similar system without holes. We note that the minima in Fig. 2 are matched by peaks in the reflection (see the previous figure), numbered 1 to 4. We have reported the points A to C which denote the positions of maxima of the transmission.
FIG. 4 Absorption against the wavelength of the incident wave on the surface, for the zeroth diffraction order. The solid line denotes the absorption for the square grating of parameter a = 1µm, the dashed line denotes the absorption for the square grating of parameter a = 1, 2µm, and the dotted line denotes the absorption of a similar system without holes. We have reported the positions of minima in Fig. 2, numbered 1 to 4 , and the positions of points A to C which denote the maxima. Comparison between Rayleigh's wavelengths (second column) of some diffraction orders (first column) with the poles of the scattering matrix computed numerically (third column) and evaluated by measuring the wavelength of resonance λ r , and the width Γ of some resonance curves (fourth column). (v/m) and (s/m) denote vacuum/metal interface and substrate/metal interface respectively. 
